Background: With over 13 million cancer survivors in the United States today, second cancers
INTRODUCTION
The prevalence of cancer survivors in the United States (US) has increased steadily in recent decades due to dramatic improvements in survival resulting from new treatments and early detection.(1) With over 13 million survivors in the US today, understanding the long-term health of cancer survivors is of vital public health importance. Second primary cancers (referred to hereafter as second cancers) are a leading cause of morbidity and mortality in this population, yet the etiology of most second cancers is largely unknown. A recent study estimated that fewer than 10% of second solid cancers among adults are due to radiotherapy, the main treatment modality known to increase cancer risk, suggesting that the majority result from other risk factors, such as lifestyle or genetics. (2) Characterizing second cancer risks may identify patients for targeted cancer prevention efforts or increased surveillance and can provide key new insights into carcinogenesis.
The ideal study to investigate the etiology of second cancers would be very large and longitudinal with detailed data on treatment and exposures (e.g., cigarette smoking, obesity) before and after a first cancer diagnosis. Because it is seldom feasible to enroll a large healthy population and collect such information, evidence on second cancer etiology primarily comes from registry studies (typically large and representative but lack individual-level exposures), (3) (4) (5) (6) (7) clinical trials (typically smaller with rich and comprehensive treatment data but limited availability of pre-diagnostic risk factors) (8) (9) (10) (11) , or case-control studies that rely on medical record abstraction. (12) (13) (14) (15) (16) Recently, attention has turned to leveraging existing epidemiologic cohorts by supplementing them with information on cancer treatment, survival, and second cancers. (17, 18) Individual cohorts have only moderate numbers of survivors of specific cancers, and small numbers of second cancers among these survivors; however, combined, they comprise a very large number of individuals.
Pooling data from prospective cohort studies presents challenges such as differences in study design (observational versus interventional study), populations (e.g., age, gender, calendar period), methods for patient follow-up, methods and timing of exposure assessment and the lack of clinical data on detailed screening or availability of treatment information. These challenges introduce both technical issues (e.g., data harmonization) and potential sources of bias (e.g., selection bias). We therefore combined data from five prospective epidemiologic studies to explore the feasibility of pooling data from cohort studies of cancer incidence to investigate second cancer etiology.
MATERIALS AND METHODS

Cohorts and study population
Participants were enrolled in one of five prospective cohort studies: the Agricultural Health Study (AHS), (19) Table 1 ). Briefly, AHS, IWHS, and NIH-AARP were prospective observational cohort studies; ATBC was a randomized, double-blind, placebo-controlled primary prevention trial; and PLCO was a randomized controlled screening trial. AHS, IWHS, NIH-AARP and PLCO were all US-based studies, and ATBC was conducted in Finland. ATBC and IWHS began during the 1980s, and the rest of the studies began during the 1990s. AHS only included pesticide applicators and their spouses, ATBC included males who currently smoked, IWHS enrolled a population-based sample of post-menopausal women, whereas NIH-AARP and PLCO were general population samples. All studies enrolled adults aged ≥50-55 years, except AHS, which included participants as young as 18 years old.
For this analysis, individuals diagnosed with cancer and had at least 30 days of follow-up were defined as survivors. Eligiblity criteria forthis pooling study included havingcompleted a baseline questionnaire, no report of cancer at baseline (other than non-melanoma skin cancer), and having ≥30 days of follow-up. Within this cohort, we identified sub-cohorts of survivors of the most common first primary malignancies occurring among adults aged 50-79 years: breast, prostate, colon/rectum, lung, or bladder cancer, and non-Hodgkin lymphoma (NHL).(24) The institutional review boards from the National Cancer Institute and all participating institutions approved the use of these data, and all participants provided informed consent.
Study variables and data harmonization
At study entry, participants from each cohort completed a study-specific selfadministered baseline questionnaire, which inquired about general demographics and various potential cancer risk factors. For all cohorts, a subset of participants also completed at least one risk factor questionnaire during follow-up.
To compare the populations among the cohorts, we obtained individual-level risk factor data including age, sex, race, height and weight, and history of cigarette smoking for all eligible participants ( Table 1) . We also determined the number of individuals who completed at least one follow-up questionnaire following a first primary cancer diagnosis and prior to a second primary cancer diagnosis to establish feasibility of using these data. Because of the potential for reverse causality (i.e., a second cancer causing changes in risk factors such as weight or pain relief medication use), we further estimated the number of cancer cases who completed a questionnaire at least 12 months prior to their second cancer diagnosis.
Outcome ascertainment
Cancer incidence was obtained by linkage to cancer registries in the geographic areas of the cohort participant populations, except in PLCO and ATBC (prior to 1999), in which cancer diagnoses were self-reported and subsequently verified by medical record abstraction (Supplemental Table 1 In order to assess the validity of pooling populations of cancer survivors from different studies to study second cancer risk factors, we conducted three analyses. First, to evaluate representativeness of the populations of cancer survivors, for each cohort we compared the observed number of cancer diagnoses to that expected in the general population from which the cohort was drawn using a standardized incidence ratio (SIR; observed/expected) (Supplemental Table 2 ). Expected numbers of cancers in each cohort were calculated by multiplying age-, sex-, race-, and calendar year-specific person-years at risk within the cohort by corresponding population-specific incidence rates. Second, to evaluate differences in cancer incidence rates between studies, we compared first primary cancer incidence across cohorts by calculating cohort-specific incidence rates standardized to the pooled cohort of cancer-free individuals at baseline based on age (5-year groups), sex, and race (white, non-white).
Third, because survival influences the likelihood of developing a second cancer, we explored potential differences in survival experiences of the cohorts after a first primary cancer diagnosis. We computed the five-year relative survival, comparing the observed survival of each group of patients to that expected in the US based on national life tables from the general population, matched by age, sex, race and calendar year. For comparison, we also used data from 9 SEER registries to determine the relative survival of patients diagnosed with each first primary malignancy in the US during . (28) Because the occurrence of second cancers in the participating cohorts has not previously been reported but is critical for assessing the feasibility of studying second cancer etiology in this setting, we determined the cumulative incidence of second cancers (excluding same site primaries) diagnosed following each of the six most common primary sites in the pooled cohort.
We also estimated the number of second primary cancer cases necessary to achieve 80% power at differing relative risks (RR) from 1.2-2.0, assuming 10% prevalence of second primary malignancies and binary risk factor prevalences of 10%, 20% and 50%.
Because most prospective cohort studies were designed to evaluate first primary cancer etiology, they typically have either limited or no data on cancer treatment. However, PLCO collected information on initial treatment by medical record abstraction for cancers of the prostate, lung and colorectum. For each of these cancer sites, we used the PLCO data to compare initial treatment by stage (and grade for prostate cancer) to assess the feasibility of using stage as a proxy for treatment.
Analyses were conducted using SAS, version 9.3 (SAS Institute Inc., Cary, NC)) and SEER*Stat, version 8.0.2 (Surveillance Research Program, National Cancer Institute seer.cancer.gov/seerstat).
RESULTS
Characteristics of the study cohorts
A total of 808,280 individuals from the five prospective studies were included in this study ( Table 1) . Overall, more than half (58%) of the participants were male. The median age at baseline was 61 years, and 92% were white. Fifteen percent of the pooled study population reported that they were current cigarette smokers, and 42% reported that they had smoked previously. Almost two thirds (63%) of the participants had a body mass index (BMI) ≥25kg/m whites than the other cohorts as dedicated efforts were made to recruit minorities into this trial.
NIH-AARP comprised 64% of the total population and, thus had a strong influence on the pooled baseline characteristics.
Characteristics of cohort participants diagnosed with cancer
Among the 808,280 individuals, 136,848 (16.9%) were diagnosed with a first primary cancer during follow-up. Supplemental Figure 1 presents the baseline characteristics, overall and by cohort, for individuals diagnosed with one of the six most common malignancies, including female breast cancer (N=17,775), prostate cancer (N=36,540), lung cancer (N=17,373), colorectal cancer (N=13,058), bladder cancer (N=6,806), and NHL (N=4,961).
Comparisons among the cohorts within each cancer group primarily reflect the differences in the study populations. For example, patients in AHS were diagnosed with their first primary cancer at a younger age on average compared with the other studies because the study included younger individuals, whereas IWHS recruited older women and had the longest follow-up time, resulting in the highest median age at first cancer diagnosis. In contrast, comparisons across the survivor populations by type of first primary malignancy generally reflect differences in the etiology of the malignancies evaluated. For example, patients diagnosed with lung or bladder cancer were most likely to smoke, and patients diagnosed with colorectal cancer were slightly more likely to be overweight or obese.
Incidence of first primary malignancies
To assess how cancer incidence within each cohort compared to that in the general population from which the cohort was drawn, we computed population-specific SIRs for each of the selected first primary malignancies (Supplemental Table 2 ). Each of the cohorts generally had a higher incidence than expected of breast (except AHS) and prostate cancers. In contrast, incidence of lung cancer was lower than expected in all cohorts except ATBC, and incidence of colorectal cancer was lower than expected in all cohorts except IWHS and NIH-AARP.
To compare cancer incidence among the cohorts, we computed age-, sex-, and racestandardized incidence rates using the pooled cohort of cancer-free individuals as the referent (Supplemental Table 3 ). The standardized incidence rates varied most dramatically (>7-fold) for lung cancer, from 5.1 cases/10,000 person-years in IWHS to 37.6 in ATBC, and for bladder cancer, from 1.2 in IWHS to 10.5 in ATBC. Incidence of NHL varied approximately 3-fold among the cohorts, from 1.9 in ATBC to 6.3 in AHS. Modest variation (<2-fold) in incidence was observed among the cohorts for breast, prostate, and colorectal cancers.
Survival following first primary malignancy diagnosis
Regardless of first primary malignancy type, five-year relative survival was consistently poorest for ATBC and best for PLCO (Figure 1) . Participants from cohorts other than ATBC generally had better survival than observed in cancer patients with first primary malignancies reported to the SEER9 registry population. The greatest variability in five-year relative survival was observed for colorectal cancer, which ranged from 51% in ATBC to 80% in both NIH-AARP and PLCO, and for NHL, which ranged from 39% in ATBC to 72-75% in AHS, NIH-AARP, and PLCO. The five-year relative survival was very high for breast and prostate cancers, with little variation among the cohorts. 
Second primary malignancies
Among the 96,513 individuals diagnosed with one of the six first primary malignancies in our analysis, 7,890 (8.2%) were diagnosed with a second primary malignancy at a site other than the site of their original primary cancer ( Table 2 ). Cumulative incidence rates of second cancers (excluding same site) are presented in Figure 2 . Overall, cumulative incidence of second cancers was highest in those diagnosed with bladder cancer (21.7% at 10 years) and lowest in those diagnosed with lung cancer (4.9% at 10 years). Across cancer sites, cumulative incidence of second cancers was almost universally lowest in AHS.
Approximately 10% (837 of 7,890) of second primary cancer cases completed a followup questionnaire prior to their second diagnosis, of which 574 occurred ≥12 months prior to their second cancer diagnosis ( Table 2 ). Figure 3 illustrates the number of second primary cancer cases necessary to achieve 80% power for a range of risk factor prevalences and relative risks. 
Cancer stage as a proxy for treatment
Because of the challenge of obtaining treatment data in prospective cohort studies, we evaluated the relation of initial treatment to stage at diagnosis for colon, rectal, non-small cell lung and prostate cancers, based on data abstracted from medical records in PLCO ( Table 3) . 
cancer were primarily treated with chemotherapy (82% and 72%, respectively), and those with stage II or III rectal cancers with combined chemotherapy and radiation (66% and 72%, respectively). In contrast, initial treatment for non-small cell lung and prostate cancers was highly variable by stage, with the exception of stage I lung cancer (72% of patients, surgery alone) and stage III prostate cancer (70% of patients, radiation therapy with or without surgery).
DISCUSSION
Second cancers are a leading cause of morbidity and mortality among cancer survivors but few studies have examined the role of risk factors other than treatment in the etiology of second cancers. The study of second cancers involves particular methodological concerns not inherent to most epidemiological investigations, which may, in large part, explain the paucity of studies conducted to date on non-treatment-related risk factors. Pooling prospective cohorts offers an opportunity to leverage the substantial existing resources to yield new clinical, public health, and scientific benefits but we highlight five key methodological issues that warrant consideration in future studies of second cancer etiology in this setting. Specific differences in study populations between the cohorts in this analysis -which were selected by age, sex, and other exposures -suggest that particular care must be given to evaluate inter-study heterogeneity in studies of second cancer risk factors. For example, as expected, ATBC had higher incidence of first primary lung and bladder cancers than in the Finnish population and in the other cohorts, and poorer survival, because the cohort included only male smokers in ATBC. Differences in risk factor prevalence such as these should not preclude pooling data since they should not affect internal validity, but they do have the potential to influence the risk estimates of second cancers.
Study design and population differences
Differences in study designs also impacted cancer incidence across cohorts. For example, the overdiagnosis of prostate cancer due to screening with the prostate-specific antigen (PSA)
test (30) is likely responsible for the substantially higher than expected incidence rates of prostate cancer in PLCO (a prostate cancer screening trial) than in the general population and compared to the other cohorts. In contrast, ATBC had the lowest prostate cancer incidence, likely reflecting the absence of PSA screening for prostate cancer in Finland.
We observed substantial differences in survival between the cohorts that warrant attention as individuals must live sufficiently long enough to be diagnosed with a second primary cancer, and some risk factors may be associated with survival. The differences in cumulative incidence rates of second cancers, both between cohorts and between site of primary diagnosis, illustrate the complex relationships between risk factors and cancer and, importantly, the risk factors that affect both cancer risk and mortality. AHS compared with the other cohorts is likely explained by younger participants in AHS, who are less likely to develop cancer, than the older participants in the other cohorts. Therefore, when pooling data it is important to carefully consider the design and characteristics of cohorts in the analysis and interpretation of findings.
Cancer ascertainment
In the absence of centralized medical record review, cancer ascertainment via linkage to cancer registries is optimal for studies of second cancer etiology because of the use of consistent methodology to identify all primary cancer diagnoses, allowing for distinction between recurrent or metastatic disease and true second primary diagnoses. However, some differences may exist in the definition of multiple primary malignancies occurring in the same organ, particularly in European versus US registries. Studies such as PLCO that ascertain new cancer diagnoses by self-report can be included in studies of second cancer etiology, but use of additional sources to identify cancers such as death certificate and subsequent medical record confirmation is essential, and study-specific rules -such as PLCO's confirmation of only one malignancy in a specific topographical site -must be taken into account. To address these specific issues, we uniformly applied SEER rules for defining multiple same site primaries to all reports of cancer and excluded same site second primary cancers. (26) Exposure Assessment A key strength of prospective cohort studies is the availability of detailed and diverse patient exposure data, directly contrasting most previous settings for second cancers research.
Using baseline questionnaire data, we were able to harmonize exposure to several key cancer risk factors. The current effort and others e.g. (31) (32) (33) robustly demonstrate the ability to pool data across studies with different questionnaire formats for many risk factors. However, the use of exposure data may be limited by the format and level of detail; pooled studies must use either the simplest exposure measures available across all cohorts, or restrict analyses to the cohorts that collected detailed information. Nonetheless, as more cohorts contribute to this pooling effort, the possibility exists to address numerous other risk factors in relation to second cancer risk including, but not limited to, reproductive factors, menopausal hormone use, alcohol consumption, physical activity, and dietary factors.
For studies of second cancer etiology, the time period of exposure ascertained by each questionnaire and the availability of follow-up questionnaires also are key considerations. All five studies included in this pooled analysis had at least one follow-up questionnaire, but the frequency of exposure ascertainment and the data collected at each time point varied widely. In addition, questionnaires were inevitably administered over a range of time prior to the diagnosis of a first and second primary malignancy, likely resulting in varying exposure misclassification for different individuals within a cohort. Therefore, consideration of this exposure misclassification and possible inclusion of time-dependent covariates are warranted in studies of second cancer etiology in this setting. Attention should also be given to the possibility of selection bias, i.e., individuals who survive long enough to complete the follow-up questionnaire, and choose to complete it, may differ from those who do not (e.g., younger, non-smokers).
Statistical power
Collaboration of multiple studies is critical to have sufficient statistical power to 
of interest is rare. Even with the five studies included in this pooled analysis, including over 800,000 cancer-free individuals at baseline, the cohorts of survivors of the most common first primary malignancies were relatively modest in size, ranging from 4,961 patients diagnosed with NHL to 36,540 with prostate cancer. Even with almost 18,000 incident breast cancers, there is insufficient statistical power for site-specific association studies of the most commonly diagnosed second cancers (Figure 3) . For analyses of rare malignancies, and studies of low prevalence risk factors, additional cohorts are required to yield case numbers large enough for adequately powered studies. For example, with 1,186 total second cancers after a primary breast cancer, we have adequate power to detect an OR of 1.3 with a risk factor prevalence of 10%; however, if we limited our analysis to second colorectal cancers, we could only detect an OR of 2.0 or greater.
Studies to investigate changes in risk factor behaviors following a cancer diagnosis, such as smoking cessation or weight change, are further restricted to those with a follow-up questionnaire prior to their second diagnosis, resulting in a marked loss of cases. These studies, and those requiring stratification of patient populations (e.g., by disease subtype, stage or race), are feasible but further emphasize the need for a pooled approach.
Clinical data
Because most prospective cohort studies were designed to investigate cancer etiology, 
